Rats have the ability to learn and perform sophisticated behavioral tasks, making them very useful for investigating neural circuit functions. In contrast to the extensive mouse genetic toolkit, the paucity of recombinase-expressing rat models has limited the ability to monitor and manipulate molecularly-defined neural populations in this species. Here we report the generation and validation of two knock-in rat strains expressing either Cre or Flp recombinase under the control of Parvalbumin (Pvalb), a gene expressed in the critical "fast-spiking" subset of inhibitory interneurons (FSIs). These strains were generated with CRISPR-Cas9 gene editing and show highly specific and penetrant labeling of Pvalb-expressing neurons, as demonstrated by in situ hybridization and immunohistochemistry. We validated these models in both prefrontal cortex and striatum using both ex vivo and in vivo approaches, including whole-cell recording, optogenetics, extracellular physiology and photometry. Our results demonstrate the utility of these new transgenic models for a wide range of neuroscience experiments.
cleaving" peptide [22] followed by Flpo before the termination codon in exon 5. This results in the production of separate PVALB and FLPo proteins from a single ribosomal translation event.
To introduce the modifications, we designed single-stranded guide RNAs to induce double strand breaks near the termination codon in exon 5 of Pvalb. These guide RNAs were injected into zygotes together with Cas9 protein and a circular plasmid containing the gene cassette. The presence of the modifications in the offspring was detected using qPCR probes that span the joint regions ( Fig. 1B ).
Consistent and specific recombinase expression in Pvalb+ neurons
To confirm the intended recombinase expression patterns, we first used multi-color fluorescent in situ hybridization (FISH) to detect colocalization of recombinase and Pvalb mRNAs ( Fig. 2 ) in medial prefrontal cortex (PFC) and dorsal striatum (dSTR). To further control for specificity, we included a third probe against mRNA for Somatostatin (Sst), a gene that is expressed in a largely separate population of interneurons [5] .
Manual scoring of fluorescent puncta can be subjective and difficult to reproduce reliably, especially when large numbers of tissue samples are involved. To avoid that problem, automated image processing has been successfully used to quantify FISH, especially for clinical histology samples [23, 24] . Using a similar approach, we quantified the specificity and penetrance of expression by defining nucleus boundaries, marking fluorescent mRNA puncta, and counting the number of puncta per nucleus for each fluorescent probe ( Fig. 2A , D, G, and J, see Materials and Methods). From the observed number of puncta per nucleus we subtracted an estimated baseline count, to compensate for non-specific background hybridization of the fluorescent probe on the tissue sample (see Materials and Methods).
We used this normalized puncta count to quantify penetrance and specificity. We reasoned that the larger the normalized count of Pvalb puncta in a nucleus, the higher the confidence that it is a true Pvalb+ nucleus, and the larger the normalized count of recombinase puncta, the higher the confidence that a nucleus is recombinase positive. Penetrance was then defined as percentage of Pvalb puncta-positive nuclei with high normalized counts that also contained at least one recombinase puncta. Similarly, specificity was defined as the percentage of recombinase puncta-positive nuclei with high normalized counts that also contained at least one Pvalb puncta. In both cases, these values for high normalized counts were determined from the asymptote of a fit with a negative exponential function (see Materials and Methods).
For Pvalb Flpo , penetrance was close to 100% for both PFC and dSTR ( Fig. 2B and E) .
Similarly, for Pvalb Cre , penetrance was 98.5% in PFC and close to100% in dSTR ( Fig 2H and   K) . Specificity was similarly high, with values of close to 100% in PFC and dSTR for both post synaptic current (IPSC) reversed at -70 mV, consistent with the calculated chloride reversal potential within these experimental conditions.4E). At -50 mV, peak IPSC amplitudes were 460 ± 139 pA (n = 5 cells), suggesting that multiple FSIs contributed to the resultant IPSC.
In striatum, a train of stimuli were delivered while the FSI was held to just subthreshold membrane potentials, as we subsequently found that such stimuli were necessary to suppress spiking in postsynaptic excitatory neurons ( Fig. 4G and H) . Consistent with this, IPSCs measured at -50 mV were smaller than those observed in cortical principal neurons (44.8 ± 5.2 pA, n = 3 cells).
We next used Pvalb Cre to optogenetically tag [27] Pvalb+ neurons in freely behaving rats.
We expressed ChR2-eYFP in Pvalb+ neurons of the dSTR. An optrode array [28] was implanted to record spiking activity while blue light was delivered ( Fig. 5A ). In the striatum, putative Pvalb+ FSIs and medium spiny projection neurons (MSNs) can be distinguished by their spike waveform characteristics [29, 30] . We found neurons (n=8) that showed reliable spiking within inhibition is consistent with prior [31] and current ex vivo results, but stands in contrast to prior in vivo studies, which found little evidence that spontaneous FSI spikes affect MSN spiking [30, 32] . One plausible explanation is that FSI inhibition of MSNs in vivo requires synchronized spiking of multiple FSIs, as produced by optogenetic activation under our experimental conditions.
Behavioral state-dependent activity of Pvalb+ neural populations
Finally, we asked whether fiber photometry could be used to examine population activity of Pvalb+ neurons in unrestrained animals. Using a Flp-dependent AAV in Pvalb Flpo rats, we expressed the calcium indicator GCaMP6f in Pvalb+ neurons of PFC and recorded calciumdependent fluorescence through implanted optical fibers ( Fig. 6A, 9 recording sessions across 3 animals). Each animal was monitored while freely behaving in its home cage for 3 hours.
We compared Pvalb+ population activity during periods with distinct movement patterns ( Fig. 6B ). During periods of low movement speeds, fluctuations in calcium-dependent GCaMP6f fluorescence tended to be small ( Fig. 6B -C, left). In contrast, during periods of higher movement speeds, we saw larger fluctuations in calcium dependent GCaMP6f fluorescence ( Fig. 6B -C, left). To describe the relationship between movement speed and GCaMP6f fluorescence, we first characterized the proportion of time the rat spent at a range of movement speeds in a given session ( Fig. 6D ). We next quantified the fluctuation in GCaMP6f activity during periods at these movement speeds by computing the coefficient of variation (CV), which is the standard deviation of the signal divided by its mean. We found GCaMP6f signal CV was smallest during low speed periods, and increased with higher movement speeds (Fig. 6E ). The relationship between CV and speed was significantly stronger for the 470 nm calcium-dependent fluorescence compared with the 405 nm isosbestic control fluorescence. These findings suggest an increase in Pvalb+ population activity with speed, complementing previous findings of speeddependent Pvalb+ firing in visual cortex [33] . These results demonstrate that in vivo fiber photometry can be used to monitor population of Pvalb+ neurons using our recombinase model to examine behavioral state-dependent activity patterns.
Discussion
We created two knock-in recombinase rat models that enable the labeling of Pvalb+ interneurons with high penetrance and specificity. The two alternative Pvalb recombinase driver models enable the labeling of multiple specific neural populations within the same animal. As one way to achieve this, Pvalb Flpo animals can be bred with Cre-expressing rat strains [12-14, 34, 35] . As another example, retrogradely-traveling Cre-dependent viruses [36, 37] can be used in Pvalb Flpo animals to label specific projection pathways between two brain regions, while Flpdependent constructs can be used at the same time to label Pvalb+ neurons. Finally, the Pvalb Flpo animals are suitable for intersectional genetic methods [2, 38] , using viral constructs that require both Flpo and Cre to permit reporter expression. By crossing Pvalb Flpo with a strain that expresses Cre in a neural population that has overlap with Pvalb, the specific subset that is double positive for both Cre and Flpo can be selectively labeled.
One potential side effect of CRISPR/Cas9-mediate gene editing is the introduction of offtarget mutations in the genome [39] . We are minimizing the potential effects of these off-target changes by backcrossing each generation to wildtype animals and maintaining the modified strains as heterozygotes. All of our experiments were performed on animals backcrossed for a minimum of 3 generations. Any potential off-target changes should be progressively eliminated over successive generations of backcrossing.
These new knock-in Pvalb recombinase models expand the current genetic toolkit available in rats. The genetic access afforded by these models to a molecularly-defined interneuron population will complement the ability to perform large scale electrophysiology recordings and complex behavioral tasks that are feasible in rats. Together, they enable new classes of experiments to investigate the structure and function of neural circuits in controlling behavior.
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Materials and Methods
Animals were housed in AAALAC-accredited facilities in accordance with the National 
Knock-in rat generation
CRISPR/Cas9 technology [18, 19] was used to generate genetically modified rat strains to express the Flpo [21] or Cre transgene under the control of Pvalb.
Locus targeting

Pvalb Cre
The donor construct contains two homology arms that were PCR amplified from the TAA TAC GAC TCA CTA TAG GTC TGG TGG CCG AAA GCT AAG GTT TTA GAG CTA   GAA ATA GC 3' and 5' AAA AGC ACC GAC TCG GTG CCA CTT TTT CAA GTT GAT   AAC GGA CTA GCC TTA TTT TAA CTT GCT ATT TCT AGC TCT AAA AC 3 '. The gRNA was tested in vitro by digesting a 520 bp PCR products with the gRNA and CAS9 protein.
Zygote microinjection
7-week-old female Long-Evans rats (Charles River Cat .006) were used as embryo donors. They were superovulated with equine chorionic gonadotropin (30 units) and human chorionic gonadotropin (30 units) 48 hours apart and mated with studs. 1-cell zygotes were collected the next morning. A mix of CAS9/gRNA/circular targeting vector (100 ng/100 ng/20 ng) was microinjected into the zygotes. The injected zygotes were transferred into pseudo pregnant Sprague Dawley rats. Fourteen F0 pups were generated. Two F0 rats contained the correct knock-in cassette and were bred with wildtype Long-Evans rats.
Screening
The F0 pups were screened by nested PCR using primers outside the homology arms (F1, F2, R3 and R4) with primers inside the IRES-Cre cassette (R1, R2, F3 and F4). 
Pvalb Flpo
A double-stranded DNA plasmid donor was synthesized (Invitrogen GeneArt, Thermo Fisher Scientific) to introduce the following elements before the termination codon in exon 5: a glycine-serine-serine linker with porcine teschovirus-1 self-cleaving peptide 2A (P2A) [22] , followed by Flpo recombinase [21] and the V5 peptide tag (GKPIPNPLLGLDST) [40] . To mediate homologous recombination with the chromosome, a 5' arm of homology (794 bp of genomic DNA 5' to codon 110) and a 3' arm of homology (469 bp of genomic DNA downstream of the termination codon) were used.
Two guide RNA (sgRNA) targets and protospacer adjacent motifs (PAM) were identified downstream of rat Pvalb termination codon (ENSRNOG00000006471) using published algorithms [41] . The sgRNA targets were cloned into plasmid pX330 (Addgene.org plasmid #42230, a kind gift of Feng Zhang) as described [42] . The guide targets were C9G1: 5' TCT GGT GGC CGA AAG CTA AG 3' PAM TGG and C9G2: 5' AGT CAG CGC CAC TTA GCT TT 3' PAM: CGG. Circular pX330 plasmids were co-electroporated into rat embryonic fibroblasts with a PGKpuro plasmid [43] . Genomic DNA was prepared from cells that survived transient selection with puromycin (2µg/ml). A 1125 bp DNA fragment spanning the expected Cas9 cut site was PCR amplified with forward primer 5' CTG GAT CCC TCC CAC ACA GA 3' and reverse primer 5' TGG TCC TTC GCT CTC TCT CA 3'. Amplicons were subjected to CEL I endonuclease digestion essentially as described [44] . Briefly, DNA amplicons were melted and re-annealed, then subjected to CEL I digestion. The digested DNA fragments were separated by agarose gel electrophoresis. Gels were stained with Sybr Gold (Invitrogen S11494) to detect insertion/deletion mutations (indels) in the amplicons. The presence of indels produced by non-homologous endjoining repair of induced double strand breaks resulted in the presence of lower molecular weight DNA fragments following CEL I digestion for C9G1 but not C9G2 sgRNA. sgRNA C9G1 was chosen for rat zygote microinjection. The C9G1 sequence was interrupted by the insertion of the synthetic sequence, thus preventing Cas9 cleavage of the chromosome after correct insertion of the DNA donor.
Zygote Microinjection
Rat zygote microinjection was carried out at described [45] . Circular pX330 plasmid DNA containing C9G1 sgRNA was purified with an endotoxin free kit (Qiagen, Germantown, Maryland). Circular plasmid donors were similarly purified. Zygotes were microinjected with a solution containing a C9G1 pX330 plasmid (5 ng/µl) [46] 
Image quantification mRNA fluorescent in situ hybridization
We used the MIPAR image analysis software (www.mipar.us) to segment cell boundaries and fluorescent puncta using separate processing pipelines.
The DAPI channel of each image was used to define nucleus boundaries, which were segmented as follows. The image was first histogram equalized to compensate for uneven illumination (512x512 pixel tiles) and convolved with a pixel-wise adaptive low-pass Wiener filter (5x5 pixel neighborhood size) to reduce noise. The image was then contrast adjusted to saturate the top and bottom 1% of intensities. Bright pixels were segmented as objects using an adaptive threshold, defined as the pixel intensity greater than 110% of mean in the surrounding 30-pixel window. Image erosion followed by dilation was used to reduce noise (5-pixel connectivity threshold, 10 iterations). The Watershed algorithm was applied to improve object separation. Objects larger than 6000 pixels (i.e. clustered nuclei) were identified and reprocessed to improve separation within the cluster. Since mRNA fluorescent puncta can be located in the endoplasmic reticulum surrounding the nuclei, we dilated the boundaries of each segmented nuclei by 5 pixels to include these regions. For each fluorescent probe image channel, we counted the number of segmented puncta objects lying within a nucleus' boundary. Since there can be puncta located outside of nuclei from non-specific fluorescence probe hybridization, we needed to estimate the number of puncta expected per nucleus by chance due to this background. We computed the expected number of puncta within a nucleus' boundary by randomly relocating (spatially permuting) all identified puncta in an image channel, either lying within or outside of nuclei. We repeated the permutation 1000 times for each image. For each permuted image, we again counted the number of puncta lying within a nucleus' boundary. We created a distribution of expected puncta per nucleus count from the permuted images. We then used a p < 0.005 threshold (99.5th percentile) to estimate the expected puncta count per nucleus by chance. We subtracted the baseline puncta count from the observed puncta count to derive the normalized puncta count per nucleus. We note this is a conservative approach for estimating the baseline levels since the null assumption is that all puncta are due to spurious background hybridization.
To estimate penetrance, we first calculated the percentage of Pvalb+ nuclei that also had greater-than-background counts of recombinase puncta. We used a range of Pvalb puncta counts to define Pvalb+ nuclei, rather than a single, arbitrary threshold that could be readily affected by experimental conditions. As the puncta count increased, a nucleus became increasingly certain to be Pvalb+. We reasoned that the true penetrance likely can be estimated from the asymptotic value across the range. We fitted a negative exponential function a(1-e b(-x+g) ) and defined the penetrance as a, which corresponds to the asymptotic value on the y axis.
To estimate specificity, we first calculated the percentage of nuclei with recombinase puncta counts that also had greater than chance counts of Pvalb puncta, for a range of recombinase puncta counts. We then used the same method as the penetrance estimation to determine the asymptotic value on the y axis for the negative exponential function fit.
Immunofluorescence
Neuron cell bodies were identified from the eYFP channel as high signal intensity regions. This was done using the following functions from the MATLAB Image Processing Toolbox. To compensate for uneven background illumination, each image was first histogram normalized (20x20 pixel tiles). A pixel-wise adaptive low-pass Wiener filter (5x5 pixel neighborhood size) followed by a Median filter (3x3 pixel neighborhood size) was used to reduce noise. The preprocessed image was thresholded using Otsu's method to isolate bright pixels regions. Regions were smoothed with morphological opening using a 5-pixel disk-shaped structuring element. Lastly, regions with less than 5 pixels were removed. Each region was then manually inspected to determine whether it was a neuron cell body .
To quantify signal colocalization between the eYFP and the PVALB channels, we computed the mean signal intensity of the corresponding soma region in the PVALB channel.
The intensity is expressed as a z score, calculated by subtracting each pixel by the mean and then dividing by the standard deviation of all pixels in the image, which allowed us to compare across images. The result is a distribution of intensity values for the soma regions. To determine the threshold at which we can assign soma has having an above background intensity level, we calculated the mean background intensity of its surrounding area (one soma width for each cell, Fig. 3A) . We defined the background intensity threshold as the local background PVALB signal intensity corresponding to 5% chance specificity ( Fig. 3B pink lines, pink filled pink circle). Any intensity above this threshold is defined as an above background PVALB signal intensity. We then looked up the soma PVALB intensity distribution at this threshold to derive the colocalization specificity ( Fig. 3B magenta lines, red filled circle) .
Slice physiology
Rats were anaesthetized with pentobarbital (100 mg/kg) and perfused intracardially with a glycerol-based aCSF (in mM: 252 glycerol, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, 25
NaHCO3, 1 L-ascorbate, and 11 glucose, bubbled with carbogen), and then 300 µm coronal brain slices containing PFC or dSTR were cut in the same solution. Slices recovered at 32 °C in carbogen-bubbled aCSF (containing, in mM: 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.4 CaCl2, 18 NaHCO3, 11 glucose, pH 7.2-7.4, mOsm 302-305) for at least 30 minutes before experiments, with 1 mM ascorbic acid added just before the first slice; experiments were performed in the same solution at 32-34°C. Action potential firing was recorded using Clampex 
In vivo optogenetic tagging
Pvalb Cre rats (n=2) were microinjected with 0.5 µl of AAV5-EF1a-DIO-ChR2(H134)-eYFP virus in dSTR at three locations along a dorsal-ventral trajectory (AP: +0.8, ML: +3.90, DV: -3.0, -4.0, -5.0 from brain surface). In the same surgery, custom drivable optrode bundles, consisting of 16 tetrodes (12.5 µm NiChrome wire, Kanthal) epoxied around a 200 µm core optic fiber, were implanted above dorsolateral striatum (AP: +0.8, ML: +3.8, DV: -2.0 from brain surface). Recording sessions consisted of 90-120 minutes of baseline recording followed immediately by a laser stimulation protocol that delivered light pulses of varying width and frequency. The optrode bundles were driven down into fresh tissue by more than 80 µm at the end of each recording session. Neural data were recorded wideband at 30,000 samples/s with Intan Technologies digital headstages and acquisition board. Single units were clustered offline using automated sorting (MountainSort) and manually inspected in MATLAB.
Photometry
Pvalb Flpo rats (n=3) were injected bilaterally with 250 nl of AAV-DJ-Syn-FRT-rev-GCamp6f in PFC and implanted with fiber-optic cannulas (400 µm core, 430 µm outer, NA 0.48, Doric Lenses Inc.). Recordings were done from 4 weeks after implantation. For each rat, the hemisphere with the strongest signal was chosen for analysis. The Doric Lenses two color photometry system was used to provide excitation and record emission. The Tucker-Davis Technologies RZ5D BioAmp processor and Synapse Suite were used to control excitation and data acquisition. GCaMP6f emission from 405 nm (isosbestic point) and 470 nm (calciumdependent) excitation were recorded. 405 nm excitation was modulated at 330 Hz and 470 nm excitation at 210 Hz. The output excitation intensity was 20-40 µW. Rats were recorded for 3 hours in the home cage and allowed to move freely. Video of the rat, recorded at 30 frames per second, was used for automated reconstruction of the animal's position and movement speed using Trodes camera module (https://bitbucket.org/mkarlsso/trodes/).
A previously described method [47] was used to process the photometry data. The signals were first filtered with a 5 Hz lowpass filter to remove fluctuations beyond the temporal To compare the strength of correlation between CV and speed, we used linear regression to estimate the slope of the line of best fit between the CV and speed for each animal and recording session. We then compared the slopes for the 470 nm and 405 nm signals using a Wilcoxon rank sum test. 
(B, E, H and K)
Expression penetrance quantified as the percentage of nuclei with Pvalb puncta that had a greater than expected number of recombinase puncta. Penetrance is calculated across the range of Pvalb puncta thresholds (greater than or equal to abscissa). A negative exponential function (broken red line) was fitted to the distribution to estimate the asymptotic value (100% except 98.5% for (H)).
(C, F, I and L)
Expression specificity quantified as the percentage of nuclei with recombinase puncta that had a greater than expected number of Pvalb or Sst puncta. Specificity is calculated across the range of recombinase puncta thresholds (greater than or equal to abscissa) A negative exponential function (broken red line) was fitted to the distribution to estimate the asymptotic value (100%). 
